Steel Fibre Reinforced Concrete (SFRC) brings favourable properties to concrete pavements.
Introduction
Steel Fibre Reinforced Concrete (SFRC) is a composite material consisting of a concrete matrix containing a random dispersion of steel fibres. Addition of steel fibres to concrete improves the engineering properties of the composite material by controlling the crack propagation and widening after crack initiation, allowing the SFRC to absorb large amounts of energy, i.e., indirectly assessed as post-cracking strength, before it collapses. Improved engineering properties of SFRC make the material viable for concrete pavements applications. Indeed, fullscale static testing of centrally loaded ground slabs has demonstrated that the addition of steel fibres increases the load carrying capacity (Beckett, 1990; Falkner et al., 1995a; Bischoff et al., 1996; and Chen 2004) . In addition, SFRC pavements under in-service traffic were found to provide superior performance compared to plain concrete as it allows reduction in the slab thickness and yet provide equivalent performance (Elsaigh et al., 2005) .
The use of steel fibres in concrete ground slabs allows larger joint spacing (Parker and Rice, 1977) and less maintenance with longer intervals leading to less interruption to traffic (Vandewalle, 1990) . Compared to conventionally reinforced concrete pavements, SFRC pavements were found to provide equivalent performance when equivalent amounts of reinforcement are used (Bischoff et al., 2003) . In addition, use of SFRC in pavements offers reduced construction time, as the steel fibres are added as one of the concrete mix constituents, and no steel fixing or adjustment is required. Moreover, the presence of steel fibres provides multi-directional reinforcement throughout the thickness of the slab. This is useful as it not only prevent the breaking off at edges where conventional reinforcement is not present (Grondziel, 1989) but also results in a slab section that is reinforced against both hogging and sagging actions. Field investigations have shown that SFRC has much greater spalling endurance compared to plain concrete (Lankard and Newell, 1984) . Although the benefits from using SFRC in concrete pavements are reasonably established, the analysis of SFRC pavements is less known as numerical models for analysing SFRC ground slabs are either scarce or do not exist.
The thickness design of concrete ground slabs is the same as for other engineered structures where the aim is to find the optimum thickness that will result in minimal cost and adequate performance. Numerical models developed to analyse plain concrete ground slabs may not be applied to SFRC as they ignore its post cracking strength contribution to the load carrying capacity of the slab. In fact, steel fibres mainly become active after cracking of the concrete matrix, which means that the un-cracked analysis is not appropriate. Design formulae based on the yield-line theory provided an improved approximation, but still underestimate, of the ultimate load when compared to the elastic theory approach, such as models developed by Meyerhof (1962) , Losberg (1978) and Rao and Singh (1986) . If we are to seek a greater exploitation of SFRC, analysis should proceed beyond the initial cracking point. Recently, nonlinear finite element methods were implemented to analyse SFRC ground slabs with different levels of success (Falkner et al. 1995b , Barros and Figueiras, 2001 and Meda and Plizzari, 2004 . Accuracy of non-linear finite element analysis methods is much dependent on the appropriateness of the material constitutive model and the representation of the cracks. This is a second paper in a series of two focusing on nonlinear modelling aspects of SFRC ground slabs. In the first paper, the material model was derived and utilised in analysing SFRC beam. The determined σ-ε response along with the experience and results obtained from the non-linear finite element analysis of the beam is utilised in analysing SFRC ground slab manufactured using similar material as in the beam. The main objectives of this paper are: (a)
propose a finite element model, capable of simulating the non-linear behaviour of the SFRC ground slabs and (b) investigate the effect of the SFRC strength, steel fibre content, support stiffness and slab thickness on the load-displacement response (P-Δ) response, thereby, optimising these parameters in order to obtain a desired load carrying capacity and examine the possibility of ultra-thin SFRC slabs.
Physical model
The full-scale SFRC ground slab tested by Elsaigh (2001) is utilised for the purpose of this analysis. The slab dimensions and supporting layers are presented in Figure 1 . The SFRC slab is manufactured using similar material as that in the beam discussed in the first paper.The foamed concrete support was chosen because it can readily be moulded and kept bound until the end of the experiment. The slabs were cast in a shaded area and were covered by plastic sheets for 28 days before the tests were conducted. Testing was conducted using a closed-loop testing system applying displacement at a rate of 1.5 mm/min. The load was applied using a hydraulic twin jack pressing on a stiffened loading plate (100 x 100 mm). The vertical displacements were measured by using Linear Variable Displacement Transducers (LVDT) mounted on a steel beam spanning over the tested slabs. In addition, a plate loading test was performed on the surface of the foamed concrete slab to establish the P-Δ of the supporting material. A circular steel plate with a diameter of 250 mm and a thickness of 40 mm was used in the test. 
Support layers model
The aim of this section is to develop an approximate model that describes behaviour of the support layers below the SFRC slab. The support layers are reduced to a single representative slab having the dimensions of the foamed concrete slab. The foamed concrete slab is assumed to rest on a rigid bed since the deformations within the 1000 mm deep, high strength, concrete floor are expected to be insignificant compared to the deformations within the SFRC and foamed concrete slabs.
Due to symmetry, only a quarter of the foamed concrete slab is modelled. An equivalent square loading plate, measuring 110 x 110 x 40 mm, is assumed instead of the circular plate used in the experiment. This is to simplify the geometry and thus reduce the calculation required for the finite element analysis. Element type 7 of MSC.Marc (2003), a three-dimensional, first order eight-node element, is prescribed for the analysis. The stiffness of the element is formed using eight-point Gaussian integration. A node in this element has three degrees of freedom; those are displacements in X, Y and Z directions (Δ X , Δ Y and Δ Z ). A quarter of the foamed concrete slab is approximated by a finite element mesh consisting of 450 elements while a single element is used for the steel plate. Two layers of 75 mm each were specified for the foamed concrete slab. The displacement of all the nodes at the bottom of the slab is constrained in the Z-direction. The displacements for the nodes at the symmetry planes X = 0 and Y = 0 were constrained in the Xdirection and the Y-direction respectively. The displacement-controlled loading is simulated by increasing the displacement from zero to -10 mm using the "time curve concept" available in the MSC.Marc.
A trail-and-error procedure is followed to generate the material model for the foamed concrete slab. In the beginning, linear elastic compressive stress-strain (σ-ε) response is assumed, as in 
Idealisation of the SFRC ground slab
Because of symmetry, only a quarter of the slab is analysed. Element type 75 of MSC.Marc (2003) is used. It is a four-node thick shell element with six degrees of freedom per node those are three displacements (Δ X , Δ Y and Δ Z ) and three rotations (θ X , θ Y and θ Z ). The stiffness of this element is formed using four-point Gaussian integration. It has bending, membrane and transverse shear capabilities which suites the ground slabs applications. Based on the experience gained from the SFRC beam analysis, the thickness of the slab is divided into eleven layers (density of integration points through the thickness equals eleven). A single shell element of type 75 is used for the square loading plate. The displacement of the nodes of the SFRC slab and the loading plate at the symmetry planes X = 0 and Y = 0 were constrained in the X-direction and the Y-direction respectively (refer to Figure 4 ).
The size of the element used to model the SFRC slab is chosen to be 150 x 150 mm analogous to the size of the element used when developing the material model for the SFRC. The same tensile σ-ε response is applied to the elements having a width of 75 mm. This is because only quarter of the slab is modelled and therefore half of the fracture energy will be dissipated while cracking occurs in one strip of elements on the centre line through the middle of two opposite edges. The same is assumed for the other strip of elements perpendicular to the first one. In other words only half of the crack is modelled when selecting quarter of the slab model. The two trapezium elements and the 50 x 50 mm element (as indicated in Figure 4 ) were necessary in order to adapt the mesh to the size of the loading plate. The post-cracking part of the tensile σ-ε response therefore needs to be modified for these three elements. Larger element sizes were used for elements away from expected crack path and are expected to have insignificant influence on the P-Δ response for a slab loaded at its centre. The nodes of the loading plate are tied to the relevant element (50 x 50 mm) in the SFRC slab. Through this tying, all the displacements and rotations of the SFRC for the particular slab element are set to be dependent on the corresponding nodes of the loading plate.
Symmetry plane
Loaded area Figure 4 : The mesh and the boundary conditions for the SFRC slab.
The contact between the SFRC slab and the foamed concrete slab was represented by two deformable friction contact bodies with touching contact. Touching contact means that two deformable bodies can either be in contact or can be separated. If a node is found to be in contact, the node is constrained in the direction normal and tangential to the contact body.
Separation occurs when the tensile contact normal stress on a node in contact becomes larger than the separation threshold stress. The contact is useful to connect independently meshed parts of a structure or to connect two parts of a structure where different types of elements are used (i.e. to connect shell elements and brick elements).
Two contact bodies are specified separately for the SFRC slab and the foamed concrete slab.
Initially, the SFRC slab is set to be in contact with the foamed concrete slab. At a particular node, the SFRC slab loses contact with the foamed concrete slab when the tensile stress reaches 0.01 MPa. The specified value for separation stress (0.01MPa) was decided upon by performing several runs in the model. A friction factor of 0.1 was assumed between the two contact surfaces. The validity of the assumptions regarding separation tensile stress and friction stress is justified through a sensitivity study presented in Elsaigh (2007) .
Material model for the SFRC slab
The analyses conducted in this research involve biaxial tension and biaxial compression stress states in slabs. These stress states is modelled by combining crack detection surfaces and compression yield criterion to limit the tensile cracking and compressive yielding respectively.
The maximum principal stress criterion of Rankine is used. According to this criterion, brittle fracture of concrete takes place when the maximum principal stress at a point inside the material reaches a value equal to the tensile strength of the material regardless of the normal or shearing stresses that occur on other planes through the point. This fracture surface is referred to as the fracture cut-off surface or tension-failure surface or simply tension cut-off (Chen, 1982) . The yield of concrete is described by Drucker-Prager yield criterion.
The uniaxial σ-ε response presented in Figure 5 , developed from the beam analysis for the same slab concrete, is prescribed for this analysis. The validity using a uniaxial tensile σ-ε response to describe a biaxial bending is justified by Kupfer (1969) suggesting that, under biaxial tension, the strength is almost the same as that of uniaxial tensile strength. In other words, the controlling biaxial tensile stress is almost independent of the stress ratio (Chen, 1982) . 
If the crack smearing width is changed to 100 mm, the area (A 100x100 ) under the softening part of the tensileσ-ε response can be calculated as indicated in equation 2:
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The A 100x100 can be used to determine the ultimate strain and therefore the slope of the linear softening part for the tensileσ-ε response of an element with a width of 100 mm. The same procedure can be followed to calculate the slope of the linear softening part for an element with a width of 50 mm. The progress of cracking, on the top and bottom of the SFRC slab, during the loading process is shown in Figure 7 . The crack evolution indicates that stress redistribution took place after the initial crack occurred in the SFRC slab. The post-cracking strength of the SFRC seems to have played a significant role in redistributing these stresses eventually increasing the load carrying capacity of the slab. In fact, statically determinate structures such as simply supported beams benefit little from the advantage of using SFRC as its load carrying capacity reduces after cracking, whereas, statically indeterminate structures such as ground slabs benefits the utmost due to formation of plastic hinges accompanied by stress redistribution (Nemegeer, 1996) . The stress redistribution can also be recognised from the ductile behaviour of the SFRC shown in Figure 6 . The ability of ductile slab to sustain the maximum load would therefore not necessarily imply failure at first cracking. To these ends, the primary motivation for using steel fibres in ground slabs is not only the increase of the SFRC modulus of rupture but also increase the amount of energy that can be absorbed before collapse (i.e., the post cracking strength of SFRC). 
Results of the finite element analysis of the SFRC ground slab

Parameter study on SFRC ground slabs
A parameter study is conducted to investigate the influence of concrete strength, steel fibre content, support stiffness and SFRC slab thickness on the P-Δ response of SFRC ground slabs.
In the analysis, only one parameter will be changed at a time while keeping the other parameters fixed.
Hypothetical SFRC slabs measuring 3000 x 3000 x 100 mm are assumed except for the last two analyses where the slab thickness is reduced to 50 mm in order to investigate the possibility of ultra-thin slabs. The support was made of typical pavement materials with its depth kept unchanged for all the analyses. Table 1 shows the various support materials used in the performed analyses. The codes C2, G5, G6 and G9 follow the South African classification for road building materials. The values in Table 1 are either estimated or adapted from the study conducted by Theyse et al. (1996) . The cohesion and the angle of friction served as inputs to the Drucker-Prager criterion used for the support material. Poisson's ratio was assumed to be 0.35 for all the support materials used here. The SFRC slabs were centrally loaded by using a steel plate measuring 75 x 75 mm. The size of the loading plate is chosen so that the quarter of the plate fits the size of the finite elements on the symmetry planes. This is to avoid the complexities related to the use of trapezium and the smaller elements when adapting the finite element mesh to the size of the loading plate. The finite element mesh and the boundary conditions for quarter of the hypothetical slab were kept unchanged for all the analyses. Figure 9 shows that an increase in tensile and compressive strength, results in an increase in the load carrying capacity of the SFRC ground slabs. For example, at a displacement of 4 mm in the P-Δ responses, the load is increased by approximately 39 percent due to an increase of 67 percent in the strength of the concrete (from 45 MPa to 75 MPa). The improvement in the loadcarrying capacity is greater at higher displacements than for lower displacements. It also reduces the vertical displacements for equal loads, consequently, reducing support erosion potential often associated with thin concrete pavements. 
Effect of changing strength of concrete
Effect of changing steel fibre content
Changing the steel fibre content largely results in changing the post-cracking strength of the SFRC. This influences the slopes of the softening part of the tensile σ-ε curve. Figure 10 shows the σ-ε responses used in the analysis. For the support, G9 material is used. The σ-ε response representing the 45 MPa SFRC is similar to the model calculated for SFRC containing 15 kg/m 3 of steel fibres. The σ-ε response for approximately 65 kg/m 3 of similar steel fibres is estimated based on the trends shown in the steel fibre manufactures design tables (Bekaert, 1999) . Figure 11 indicates that increasing the steel fibre content increases the load-carrying capacity of the SFRC ground slab. It also improves the ductility of the SFRC slab. The SFRC slab with a higher steel fibre content sustained the maximum load for greater displacement values. The analysis showed that the increase in the load-carrying capacity, due the increase in steel fibre content, is significant. At a deflection of approximately 3.5 mm, the addition of extra steel fibres results in approximately 21 percent improvement in the load-carrying capacity. The increase in the percentage of the steel fibre content does not mean an increase of similar percentage in the load carrying capacity of the SFRC slab. However, the presence of the steel fibres in ground slabs was shown to increase the load-carrying capacity compared to plain concrete slabs. This It is worth noting that the steel fibre content and concrete matrix strength are interconnected with respect to their influence on the P-δ response and post-cracking strength. Elsaigh and Kearsley (2006) suggested that for every concrete compressive strength, a range of useful steel fibre contents exists. Steel fibre content falling out of this range will have no or little contribution to the post-cracking strength of SFRC. Within the range of the useful steel fibre contents, an increase in steel fibre content will result in an increase in the post-racking strength.
The upper limit of the useful range of steel fibre content, i.e., optimum steel fibre content, differs for different types of steel fibres and different concrete strength. In view of that, utmost benefit from SFRC in ground slab is obtainable only by balancing the steel fibre content and the concrete compressive strength.
Effect of changing support stiffness
The support materials G6 and G9 were used in the analysis. The material model for the SFRC containing 15 kg/m 3 was used and kept unchanged. Figure 13 indicates that increasing the support stiffness significantly increases the load-carrying capacity of the SFRC ground slab. It also reduces vertical displacements for equal loads. For example, at a displacement of approximately 4 mm in the P-Δ responses, the load is increased by approximately 30 percent due to an increase of three times in the stiffness of the support (Young's modulus increased from 50 MPa to 150 MPa). This is similar in trends to the effect obtained by increasing the strength of the SFRC. However, increasing the strength of the SFRC is found to provide higher load-carrying capacity compared to increasing the support stiffness. 
Effect of slab thickness
Based on the trends shown earlier with respect to the effect of the various parameters on the P-Δ response, a potential for ultra-thin SFRC pavements exists. Two support materials, i.e., C2 and G5, and two SFRC materials were used. Figure 14 shows the σ-ε responses assumed for the analysis. Both σ-ε curves represent an assumed SFRC made of high strength concrete and contain high steel fibre content. The Young's modulus of the SFRC is fairly estimated based on the cube strength of concrete (Holcim Material Handbook, 2006) . The cracking strength is assumed as 10 percent of the cube strength. The residual strength is estimated as 90 percent of cracking strength based on design tables provided by steel fibre manufactures (Bekaert, 1999) .
The thickness of the SFRC is arbitrarily chosen to be 50 mm. Figure 15 shows the P-Δ responses calculated for a relatively thin SFRC ground slab.
Comparing Figure 15a and b, the load-carrying capacity of a 50 mm thick SFRC slab can be increased by approximately three times by doubling the strength of the concrete, the support stiffness and using a high steel fibre content. The influence of the support stiffness is greater for higher strength concrete than for lower strength concrete. The trends shown here indicate that ultra-thin slabs can be designed by manipulating the strength of concrete, the steel fibre content and the support stiffness. The appropriate steel fibre content for a particular high strength concrete will need to be a subject for further research. Figure 15 : The load-displacement responses for thin SFRC ground slabs.
Summary and conclusions
The calculated tensile σ-ε response and the developed finite element model for SFRC slabs can be used to satisfactorily model the behaviour of SFRC ground slabs subjected to interior loading. The uniaxial σ-ε response calculated using the developed numerical method was found sufficient for modelling the biaxial bending response of the analysed SFRC slabs. Thus the assumption that "a crack in a particular direction does not influence the tensile strength of the material parallel to the crack direction" seems to be valid. Further experiments are required to investigate its validity of the developed approach for the edge and corner load cases.
A valuable advantage of the developed non-linear finite element analysis is its capability of providing the magnitude of displacement, the extent of the crack in the top and bottom of the slab, and the tensile stress for each load point on the P-Δ response. Availability of such information may enable and encourage the move towards implementation of limit-state philosophy in pavement design. Possibility of adopting such a design philosophy will continue to be a challenging aspect in the future due to inadequacy in the current available methods which are based on transfer functions derived using statistical analysis.
Increasing the strength of concrete and the steel fibre content increases the load-carrying capacity of the SFRC ground slabs. The increase due to concrete strength is larger than the increase due to steel fibre content. The influence of the steel fibre content is not only dependent on the steel fibre parameters but also dependent on the strength of concrete. An optimum steel fibre content exists for different concrete strengths, thereby, a balance has to be made between these two parameters to obtain the utmost.
Increasing the support stiffness increases the load carrying capacity of the SFRC ground slabs.
The increase is higher for greater strength concrete than for lower strength concrete. Increasing the strength of concrete results in a larger increase in the load-carrying capacity compared to increasing the support stiffness.
Theoretically an ultra-thin SFRC ground slab can be designed. This can be achieved by providing a relatively hard support, using high strength concrete and optimum steel fibre content. An economic design can be worked out by manipulating these three components.
Notation
The following symbols are used in this paper: 
